Introduction {#Sec1}
============

Homocysteinemia (Hcy) has been well demonstrated as an independent risk for human neurological diseases, including cerebrovascular diseases, neurodegenerative diseases, central nervous system demyelinating diseases, epilepsy, and peripheral neuropathy^[@CR1]--[@CR5]^. Oxidative stress, apoptosis, mitochondrial dysfunction, and interference with N-methyl-D-aspartic acid (NMDA) receptor all contribute to Hcy-mediated pathomechanism for neurological disorders^[@CR6]^. Reactive oxygen species (ROS)-mediated oxidative damage can damage neurons, induce neural apoptosis or/and necrosis, and inhibition of ROS-mediated oxidative damage has been accepted as an effective strategy in clinic^[@CR7],[@CR8]^. However, Hcy-induced oxidative damage and underlying mechanism remain elusive.

Astaxanthin (ATX) main from *Haematococcus pluvialis* exerts strong antioxidant effects in many cells and animals experimental models^[@CR9]^. Increasing evidences have confirmed that ATX had the potential to antagonism oxidative damage-mediated disease of cardiovascular system and nervous system^[@CR10],[@CR11]^. Importantly, it is reported that ATX could easily cross the brain-blood barrier (BBB) and show novel neuroprotective effects against neural damage involving anti-oxidation, anti-inflammation, and anti-apoptosis^[@CR12]--[@CR14]^. Our previous study revealed that ATX significantly inhibited ROS-mediated oxidative damage and apoptosis in human myocardial cells in vitro and in vivo^[@CR15]^. However, little information about ATX-mediated neuroprotective effect against Hcy-induced neural toxicity is available, and the underlying mechanism remains to be explored.

Results {#Sec2}
=======

ATX reverses Hcy-induced neuronal toxicity {#Sec3}
------------------------------------------

Primarily, the neuronal toxicity of Hcy towards rat primary hippocampal neurons was screened. As shown in Fig. [1a](#Fig1){ref-type="fig"}, Hcy alone significantly inhibited neurons viability with a dose-dependent manner. For example, treatment of neurons with 4, 8, and 10 mM Hcy significantly inhibited cell viability from 100% (control) to 70.3, 58.9, and 45.6%, respectively. However, pre-treatment of neurons with ATX completely reversed Hcy-induced neurons killing. As shown in Fig. [1b](#Fig1){ref-type="fig"}, pre-treatment of neurons with 0.5, 1, and 2 μM ATX effectively prolonged the neurons viability from 58.9% (Hcy, 8 mM) to 75.3, 85.4, and 94.8%, respectively. ATX (10 μM) alone showed no cytotoxicity towards neurons. Moreover, neurons morphology was also examined. As shown in Fig. [1c](#Fig1){ref-type="fig"}, Hcy-treatment markedly damaged the neural network with decreased neurons number and absent axons. However, ATX pre-treatment dramatically improved morphological changes of neurons. The immunofluorescence staining by tubulin, a neuron marker, further vividly confirmed this protective tendency. Taken together, these results suggested that ATX has the potential to reverse Hcy-induced neuronal toxicity in rat primary hippocampal neurons.Fig. 1ATX reverses Hcy-induced neuronal toxicity.**a** Neural toxicity of Hcy towards primary neurons. Neurons were treated with 1--10 mM Hcy for 24 h, and neural viability was detected by CCK-8 assay. **b** ATX reversed Hcy-induced neural toxicity. Neurons were pre-treated with 0.5--5 μM ATX before Hcy co-treatment. **c** Morphological changes. Neural morphological changes with or without tubulin staining were observed by phase contrast and fluorescence microscope (magnification, ×200). All data and images were obtained from three random experiments. Scale bar in figures indicates 50 μm. Bars with "\*", "\*\*" and "\*\*\*" represent the *P* *\<* 0.05, *P* *\<* 0.01 and *P* *\<* 0.001, respectively. Bars with different letters indicate the statistic difference at *P* \< 0.05

ATX inhibits Hcy-induced neurons apoptosis {#Sec4}
------------------------------------------

Hcy-mediated neurons death model was firstly examined by TUNEL-DAPI co-staining. As shown in Fig. [2a](#Fig2){ref-type="fig"}, neurons exposed to 8 mM Hcy showed distinct apoptotic characteristics, such as DNA breakage and chromatin condensation, as indicated by the TUNEL-positive neurons. Secondly, Hcy-induced apoptosis was confirmed by caspase-3 activation. As shown in Fig. [2b](#Fig2){ref-type="fig"}, Hcy-treatment induced significant caspase-3 activation detected by a specific caspase-3 fluorescence substrate. The time-dependent activation of caspase-3 further convinced Hcy-induced apoptosis. Furthermore, the western blotting showed evident PARP cleavage and caspase-3 activation (Fig. [2d](#Fig2){ref-type="fig"}), which further confirmed Hcy-induced apoptosis in protein level. However, ATX pre-treatment significantly attenuated Hcy-induced apoptosis, as demonstrated by the decrease of TUNEL-positive cells, caspase-3 activation and PARP cleavage. Taken together, these results indicated that ATX has the potential to inhibit Hcy-induced neurons apoptosis.Fig. 2ATX inhibits Hcy-induced neurons apoptosis.**a** Nuclear condensation and DNA fragmentation by TUNEL-DAPI co-staining (magnification, ×200). **b** Caspase-3 activity. **c** Time-course of Hcy on activecaspase-3 expression. **d** ATX attenuated Hcy-induced PARP cleavage and caspase-3 activation. Details of the experiments were conducted according to the section of methods. Scale bar in figures indicates 30 μm. All data and images were obtained from three random experiments. Bars different letters indicate the statistic difference at *P* \< 0.05

ATX blocks Hcy-induced mitochondrial dysfunction by regulating Bcl-2 family and MPTP opening {#Sec5}
--------------------------------------------------------------------------------------------

Mitochondria plays key role in regulating intrinsic mitochondria-mediated signaling pathways. Hence, mitochondrial function was evaluated in Hcy-treated neurons. As shown in Fig. [3a](#Fig3){ref-type="fig"}, the Mito-Tracker staining (green) showed that Hcy-treatment severely decreased the mitochondria number and fragmented mitochondria-containing filamentous axons. The JC-1 staining showed that Hcy-treatment obviously caused the depletion of mitochondrial membrane potential (Δψm) as indicated by the fluorescent shift from red to green. However, ATX pre-treatment observably blocked Hcy-induced mitochondrial morphological changes and loss of Δψm, respectively. Bcl-2 family, including pro-apoptotic and anti-apoptotic proteins, acts essential role in regulating mitochondrial membrane permeability. Hence, two Bcl-2 family members were examined in Hcy-treated neurons. As shown in Fig. [3b](#Fig3){ref-type="fig"}, exposure of cells to 8 mM Hcy significantly downregulated the Bcl-2 expression, but upregulated Bad expression with a time-dependent manner. However, ATX pre-treatment significantly inhibited Bcl-2 family imbalance in Hcy-treated neurons. To further emphasize the role of mitochondria, cyclosporine (CsA), an inhibitor of mitochondrial permeability transition pore (MPTP) was employed. As shown in Fig. [3d, e](#Fig3){ref-type="fig"}, MPTP inhibition by CsA significantly improved the ∆ψ~m~ and cell viability in Hcy-treated neurons. Combined treatment of CsA and ATX achieved enhanced improvement of ∆ψ~m~ and neural viability, indicating that ATX can act as a natural inhibitor of MPTP to regulate mitochondria-mediated apoptosis. Taken together, these results clearly suggested that ATX has the potential to block Hcy-induced mitochondrial dysfunction through regulating Bcl-2 family and MPTP opening.Fig. 3ATX Blocks Hcy-induced Mitochondrial dysfunction by regulating Bcl-2 family and opening of MPTP.**a** ATX blocked Hcy-induced mitochondrial morphological changes and loss of mitochondrial membrane potential (Δψm) (magnification, ×200). **b** Time-course effect of Hcy on Bcl-2 and Bad expression. **c** ATX blocked Bcl-2 family imbalance. **d** Effect of CsA on Δψm in neurons. **e** Effect of CsA on neural viability. Neurons were pre-treated with 5 μM CsA for 2 h before combined treatment. Cell viability and Δψm were detected by CCK-8 assay and JC-1 staining, respectively. Details of experiments were conducted according to the section of methods. Scale bar in figures indicates 50 μm. All data and images were obtained from three random experiments. All images were obtained from three random experiments. Bars different letters indicate the statistic difference at *P* \< 0.05

ATX attenuates Hcy-induced oxidative damage through inhibiting ROS accumulation {#Sec6}
-------------------------------------------------------------------------------

Induction of oxidative damage is accepted as one of the most important mechanisms of cell death^[@CR8]^. Hence, the oxidative status was evaluated in Hcy-treated neurons. Initially, the intercellular ROS generation was detected by two specific probes. As shown in Fig. [4](#Fig4){ref-type="fig"}, the DCFH-DA and DHE staining showed that Hcy-treatment caused notable ROS and superoxide anion accumulation, as reflected by the enhanced green and red fluorescence, respectively. The quantitative analysis results further confirmed Hcy-induced ROS and superoxide anion overproduction. However, ATX pre-treatment significantly repressed Hcy-induced overproduction of ROS and superoxide anion. To track the ROS source, CsA (a MPTP inhibitor) was employed. As shown in Fig. [4e, f](#Fig4){ref-type="fig"}, MPTP inhibition by CsA effectively inhibited the accumulation of ROS and superoxide anion in Hcy-treated neurons. Combined treatment of CsA and ATX achieved enhanced inhibition of ROS and superoxide anion, indicating that ATX can act as a natural MPTP inhibitor to inhibit the release of ROS. Secondly, Hcy-induced oxidative damage was examined by western blotting using specific DNA damage markers. As shown in Fig. [5a](#Fig5){ref-type="fig"}, Hcy-treatment time-dependently triggered the phosphorylation of Ser15-p53 and Ser139-H~2~A. The quantitative analysis results further confirmed Hcy-induced DNA damage. ROS inhibition by (glutathione) effectively inhibited Hcy-induced neurons killing, indicating that Hcy-induced neurons cytotoxicity with a ROS-dependent manner. However, ATX pre-treatment dramatically attenuated Hcy-induced DNA damage and neural toxicity. Taken together, these results revealed that ATX had the potential to attenuate Hcy-induced oxidative damage by inhibiting ROS release through regulating MPTP opening.Fig. 4ATX Attenuates Hcy-induced accumulation of ROS and superoxide anion.**a** Detection of ROS. **b** Quantitative analysis of ROS generation. **c** Detection of superoxide anion. **d** Quantitative analysis of superoxide anion generation. ROS and superoxide anion were detected by HCFH-DA and DHE probes (magnification, ×200), respectively as described in the section of methods. **e** Effect of CsA on ROS generation in neurons. **f** Effect of CsA on superoxide anion in neurons. Neurons were pre-treated with 5 μM CsA for 2 h before combined treatment. Generation of ROS and superoxide anion was detected by DCFH-DA and DHE staining, respectively. Scale bar in figures indicates 50 μm. All data and images were obtained from three random experiments. Bars with different letters indicate the statistic difference at *P* \< 0.05Fig. 5ATX attenuates Hcy-induced oxidative damage.**a** Time-course of Hcy on p53 and histone phosphorylation. **b** Quantitative analysis of Ser15-p53 and Ser139-histone expression. **c** ATX attenuated Hcy-induced p53 and histone phosphorylation. **d** Effect of ATX on Hcy-induced neural toxicity. Neurons were pre-treated with 5 mM GSH for 2 h and co-treated with GSH for 24 h. Neural viability was detected by CCK-8 assay. All data and images were obtained from three random experiments. Bar with "\*\*" or different letters indicate the statistic difference at *P* \< 0.05

Contribution of MAPKs and AKT Pathways {#Sec7}
--------------------------------------

MAPKs and PI3K/AKT pathways are of significance in regulating cell growth and cell death. Therefore, ERK and AKT as one of two important members were investigated. As shown in Fig. [6a](#Fig6){ref-type="fig"}, Hcy-treatment time-dependently activated ERK at site of Thr202/Tyr204. Ser473-AKT showed continuous inactivation after Hcy treatment. The quantitative analysis results further confirmed this effect of Hcy on the phosphorylation of ERK and AKT (Fig. [6b](#Fig6){ref-type="fig"}). To further character the importance of Thr202/Tyr204-ERK and Ser473-AKT, LY294002 (AKT inhibitor) and U0126 (ERK inhibitor) were conducted to investigate their contribution. As shown in Fig. [6c](#Fig6){ref-type="fig"}, inhibition of MAPK (ERK1/2) by U0126 significantly suppressed Hcy-induced neurons toxicity. Addition of LY294002 (AKT-upstream inhibitor) significantly enhanced Hcy-induced neurons toxicity. The results indicated that Hcy-induced neurons toxicity with an ERK- and AKT-dependent manner. However, ATX pre-treatment normalized ERK and AKK phosphorylation in Hcy-treated neurons (Fig. [6d](#Fig6){ref-type="fig"}). Taken together, these results demonstrated that ATX has the potential to rescue Hcy-induced dysfunction of MAPKs and AKT pathways.Fig. 6Contribution of MAPKs and AKT pathways.**a** Time-course of Hcy on MAPK (ERK1/2) and AKT phosphorylation. **b** Quantitative analysis of Thr202/Tyr204-MAPK (ERK1/2) and Ser473-AKT expression. **c** Effects of LY294002 (AKT inhibitor) and U0126 (ERK inhibitor) on Hcy-induced neural toxicity. Neurons were pre-treated with 10 μM LY294002 or U0126 for 2 h and co-treated with 8 mM Hcy for 24 h. **d** ATX attenuated Hcy-induced MAPK (ERK1/2) and AKT phosphorylation. All data and images were obtained from three random experiments. Bar with "\*\*" or different letters indicate the statistic difference at *P* \< 0.05

Discussion {#Sec8}
==========

ATX exhibits diverse biological activities and has been studied in various experimental models of neurological diseases^[@CR12]--[@CR16]^. Many researchers demonstrated that ATX exerts novel neuroprotective effects on both acute injuries and chronic neurodegeneration, such as ischemic stroke, subarachnoid hemorrhage (SAH), Alzheimer's disease (AD), and Parkinson's disease (PD)^[@CR12],[@CR17],[@CR18]^. However, ATX-mediated neuroprotection and the underlying mechanism against Hcy-induced neurotoxicity and apoptosis have not been well explored yet.

Primary rat hippocampal neurons as the optimal model to explore the neuroprotective mechanism were commonly used in basic research^[@CR19]^. Apoptosis, a programmed cell death, plays pivotal role in maintaining the homeostasis^[@CR20]^. Caspase, a family of cysteine proteases, can trigger apoptotic cascade through the enzymolysis of substrates^[@CR21],[@CR22]^. Caspase-3 activation can promote irreversible PARP cleavage and induce cell apoptosis^[@CR23]^. In the present study, TUNEL-DAPI co-staining technique showed DNA fragmentation and nuclear condensation in Hcy-treated neuron, which were all typical apoptotic feature. Furthermore, caspase-3 activation and PARP cleavage both confirmed Hcy-induced apoptosis in molecular level. ATX pre-treatment apparently alleviated Hcy-induced caspase-3 activation, PARP cleavage and eventually reversed Hcy-induced neurons apoptosis.

Mitochondrial dysfunction can initiate mitochondria-mediated apoptotic pathway^[@CR24]^. Large number of studies have proved the relationship of mitochondrial dysfunction and apoptosis in diverse neuronal cellular models, such as rat hippocampal neurons, mouse retinal ganglion cells, mouse embryonic cortical neural progenitor cells, and neuronal PC12 cells^[@CR19],[@CR25]--[@CR27]^. The opening of mitochondrial permeability transition pore (MPTP) will decrease the mitochondrial membrane potential (Δψm), followed by the release of cytochrome C (cytC), apoptosis-inducing factors (AIFs) and apoptotic protease-activating factor (Apaf)^[@CR28]--[@CR30]^. In the present study, ATX pre-treatment significantly reversed Hcy-induced depolarization of Δψm, blocked the mitochondrial morphological changes in Hcy-treated neurons. Bcl-2 family proteins, classified into pro-apoptotic proteins and anti-apoptotic proteins, both affect the Δψm through regulating the MPTP in response to apoptotic stimulation^[@CR31]^. ATX pre-treatment apparently increased Bcl-xl and Bcl-2 expression, but decreased Bax and Bad expression. The balance of Bcl-2 family after ATX pre-treatment eventually decided the mitochondrial function and the neurons fate^[@CR32]^. MPTP inhibition by CsA effectively improved the Δψm and the neural viability in Hcy-treated neurons, which further confirmed the significance of mitochondria in Hcy-induced neurotoxicity and apoptosis in neurons. These findings revealed that ATX has the potential to inhibit Hcy-induced mitochondrial dysfunction through regulating Bcl-2 family expression and opening of MPTP.

Oxidative stress induced by Hcy is associated with neuronal system disorders^[@CR33],[@CR34]^. Overproduction of reactive species will lead to the oxidative damage^[@CR35],[@CR36]^. ROS, including hydroxyl radical, singlet oxygen, hydrogen peroxide, and superoxide anion, all play key roles in regulating cellular signaling pathways^[@CR37],[@CR38]^. Overproduced ROS will damage lipids, proteins, and DNA, and finally trigger apoptotic signaling^[@CR39]^. DNA damage as one of the oxidative damages will activate downstream apoptotic signaling pathways, such as the DNA damaging signal pathway. ATR/ATM, p53, Bcl-2 family/p21 all can be activated in response to oxidative stimuli^[@CR40],[@CR41]^. It is reported that Hcy could induce ROS accumulation and lead to the endothelial dysfunction, and damage the vessel wall^[@CR34]^. Inhibition of excessive generation of ROS was accepted as one of the most important mechanisms to prevent neurological disease^[@CR42]^. In the present study, p53 and histone as DNA damage markers were both activated after Hcy treatment^[@CR43]^. ATX significantly blocked Hcy-induced oxidative damage by eliminating ROS accumulation, indicating that ATX can act as ROS inhibitor to attenuate Hcy-induced oxidative damage. Meanwhile, MPTP inhibition by CsA effectively inhibited the accumulation of ROS and superoxide anion in Hcy-treated neurons, which revealed that mitochondria was the main source of ROS in Hcy-treated neurons, and ATX can act as a potential inhibitor of MPTP to inhibit the ROS release and improve the oxidative status.

MAPKs and PI3K/AKT pathways both play key role in maintenance of homeostasis of the central nervous system^[@CR44]--[@CR48]^. ERK and AKT as two important members can regulate apoptosis and cell survival through phosphorylation of a variety of substrates^[@CR44]--[@CR48]^. In the present studies, Hcy treatment time-dependently activated ERK phosphorylation, but decreased AKT phosphorylation. Moreover, pre-treatment of ERK and AKT inhibitors effectively inhibited and enhanced Hcy-induced neurons toxicity, respectively. These results suggested that regulation of ERK and AKT contributed to Hcy-induced neurons toxicity. Importantly, pre-treatment with ATX normalized the function of MAPK and AKT pathways, indicating that ERK and AKT both contributed to ATX-mediated neuroprotection against Hcy-induced neural toxicity.

In summary, our findings investigated the in vitro neuroprotective effects and mechanism of ATX against Hcy-induced neural toxicity, and the results suggested that ATX has the potential to reverse Hcy-induced neurotoxicity and apoptosis by inhibiting mitochondrial dysfunction, ROS-mediated oxidative damage and regulation of MAKPs and AKT pathways, which validated the strategy of using ATX could be a highly effective way in combating Hcy-mediated neurological disorders.

Materials and methods {#Sec9}
=====================

Chemicals {#Sec10}
---------

MTT, Mitro-tracker probes, JC-1 probes, DCFH-DA probes, and other reagents were purchased from Sigma. TUNEL-DAPI co-staining kit was purchased from Roche. Bicinchoninic acid (BCA) assay kit was purchased from Beyotime Institute of Biotechnology. All antibodies used in this study were purchased from Cell Signaling Technology (Beverly, MA, USA). Dulbecco's modification of Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Invitrogen. All solvents used were of high-performance liquid chromatography (HPLC) grade.

Culture of rat primary hippocampal neurons {#Sec11}
------------------------------------------

Primary hippocampal neurons were dissociated from neonatal (one day) Sprague-Dawley rats. Briefly, neonatal rats were anesthetized with 2% isoflurane and the hippocampus was dissected and digested with 0.2% trypsin for 30 min at 37 ℃. Neurons were seeded in 0.01% poly-l-lysin-coated 6-well plate with B27. Medium was replaced every two days, and after 7 days growth, neuron were treated with Hcy or/and ATX.

Neural viability assay {#Sec12}
----------------------

Neurons were treated with 1-10 mM Hcy or 0.5-10 μM ATX for 24 h. For combined treatment, neurons were pre-treated with 0.5--5 μM ATX for 2 h and co-treated with 8 mM Hcy for 24 h. Treated neurons were placed into 96-well plate, and neurons viability was detected by CCK-8 assay according to the manufacturer's instruction. The neuron viability was expressed as % of control. Neuron morphology was examined by phase contrast microscope. Meanwhile, tubulin (a neuron marker) was used to detect the neuron morphology.

TUNEL-DAPI staining {#Sec13}
-------------------

Neuron apoptosis was detected by TUNEL-DAPI co-staining kit. Briefly, treated neurons were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100, then incubated with 100 μl/well TUNEL reaction mixture for 1 h and 1 μg/ml DAPI for 15 min at 37 °C, respectively. Then, neurons were washed with PBS for three times and examined under a fluorescence microscope (magnification,×200). TUNEL-positive neurons indicate the apoptotic neurons.

Caspase-3 activity {#Sec14}
------------------

Caspase activity was determined by a fluorometric method. Neurons after treatment were harvested by centrifugation, suspended in cell lysis buffer, and incubated on ice for 1 h. After centrifugation at 11,000 × *g* for 15 min, supernatants were collected, normalized for protein concentration, and measured for caspase activity. Briefly, total proteins (100 μg/ well) were placed in 96-well plate, then specific caspase substrates (Ac-DEVD-AMC for caspase-3) were added. After incubation at 37 °C for 2 h in darkness, caspase activity was detected by fluorescence intensity with the excitation and emission wavelengths set at 380 and 440 nm, respectively. The caspase-3 activity was expressed as percentages of control (as 100%).

Evaluation of mitochondrial function {#Sec15}
------------------------------------

Mitochondrial membrane potential (Δψm) was evaluated by JC-1 assay. Briefly, treated neurons were incubated with JC-1 dye (5 μg/ml) for 30 min at 37 °C in darkness. Then, neurons were washed with PBS and visualized by fluorescence microscopy (magnification, ×200). The fluorescence shift from red to green represents the loss of Δψm. Alternation of mitochondrial structure was detected by mito-tracker (mitochondria, green) and DAPI (nucleus, blue) co-staining. Cells after treatment were visualized under a fluorescent microscope (magnification, ×200).

Evaluation of oxidative status {#Sec16}
------------------------------

The intracellular ROS level and superoxide anion were examined by DCFH-DA and DHE probes, respectively. Briefly, treated neurons seeded in 96-well plate were incubated with 10 μM DCFH-DA or DHE at 37 °C for 15 min in the dark. After washing twice with PBS, ROS, and superoxide anion generation were detected under a fluorescent microscope (magnification, ×200).

Western blotting {#Sec17}
----------------

Neurons after treatment were collected and lysed in RIPA lysis buffer on ice for 1 h. Total protein was extracted and quantified by BCA assay kit strictly complying with the prospectus. Then, total protein (40 μg/lane) after denaturation was loaded and separated in 10% SDS-PAGE (110 V, 75 min). After electrophoresis, the protein was transferred from the gel onto a nitrocellulose membrane and blocked with 5% non-fat milk for 2 h at room temperature. Then, the membrane was incubated with primary antibodies (1:1000) overnight at 4 °C and second antibodies (1:2000) for 1 h at room temperature. Then, the target protein was scanned on X-ray film using an enhanced chemiluminescence system (Kodak). β-actin was used as the reference band.

Statistical analysis {#Sec18}
--------------------

All experiments were done at least from three independent experiments. SPSS013.0 software was employed for statistical analysis. The significance between two groups was analyzed by two-tailed Student's test. The difference among three or more groups was analyzed by multiple comparisons. Bars with "\*", "\*\*" and "\*\*\*" represent the *P* *\<* 0.05, *P* *\<* 0.01 and *P* *\<* 0.001, respectively. Bars with different characters indicates the statistical different at *P* \< 0.05 level, which achieves the multiple comparisons among three or more groups.
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